The Agrobacterium tumefadens Ti plasmid virulence (vir) region contains at least six transcriptional units required for the efficient transfer of T-DNA to the plant genome (vlrA. g, £, P., E. and £). We have reported that two proteins encoded by the 5'portion of the virD operon are required for a site-specific endonuclease activity that nicks the direct repeats which flank the T-DNA. We have presented the nucleotide sequence for this portion of the operon. The nucleotide sequence of the remainder of the virD operon essential for virulence has now been determined. Two additional open reading frames encode proteins of 21.3 and 75.8 kilodaltons (kd).
INTRODUCTION
Agrobacterium tumefadens promotes crown gall tumor formation through the transfer of a specific segment of DNA (T-DNA) from the tumor-inducing (Ti) plasmid into the plant genome (for recent reviews see 1, 2, and 3).
Tumorigenesis results from the expression of T-PNA genes which encode enzymes for the production of plant growth regulators (4). T-PNA transfer requires components supplied in trans from both the Ti plasmid vir loci and chromosomal virulence (chv) loci (5-9). Only the 24bp direct repeats bordering the T-PNA are required in c_is to promote transfer (10) .
At least six Ti plasmid transcription units are needed for efficient T-DNA transfer, of these, only mutations in vlr A, fi, fi, and £, completely abolish virulence (6, 7, and 9) . Recent work has concentrated on determining the role of the vir genes in the transfer process. Steps in the transfer process include: recognition of plant signal compounds, induction of vlr gene expression, nicking at the T-DNA borders, displacement of the T-strand, transfer, and integration of the T-DNA into the plant genome.
The only region of the Tl plasmid that appears to be transferred is the T-DNA, suggesting that a mechanism exists to separate the T-DNA from the rest of the Ti plasmid. A nodel has been proposed to explain this phenomenon (11, 12, 13) . A site-specific nick takes place in the T-DNA borders following vir gene induction with either plant cells (13, 14) or acetosyrlngone (15). A 3' hydroxyl group at the nick site may serve to prime DNA synthesis, which results in the displacement of the nicked strand (the T-strand). Although a number of groups have reported the generation of single-stranded T-DNA molecules following vir gene induction (12, 13, 16, 17) , other types of T-DNA molecules have also been observed. These include circular recombinants (18, 19, and 20) and molecules with doublestranded cuts (13 and 17). At least two protein products encoded by virD are involved in T-DNA processing (14, 15, 18, and 21) . The first two proteins of the vlrD operon (Dl and D2) are sufficient to create a sitespecific nick within the T-DNA borders (14 and 15). Mutations in virDl or the 5' region of virD2 abolish nicking (14 and 16).
In this report, the entire vlrD operon has been studied. The vlrD operon spans 4.5kb as defined by transposon mutagenesis (6 and 7) and contains at least four open reading frames (ORFs). A fifth ORF is located 3' of this region. Transposon insertions in this fifth ORF have no effect on virulence (7), while the first, second, and fourth ORFs are essential for virulence. Only one insertion maps within the third ORF and is located in the 3' end ( Fig. 1 ). Whether this ORF is required for virulence is unknown. The first two ORFs (virDl and vlrD2) encode proteins of 16.2 and 47.4kd (VirDl and VlrD2) (14 and 18); the third ORF (vlrD3) codes for a protein product of 21.3kd (VlrD3) and the fourth ORF (vlrD4) codes for a protein of 75.8kd (VirD4). We have raised antisera specific to VirD2 and have used this to detect both native VlrD2 and a VirD2-0-galactosldase fusion protein from extracts of Agrobacterlum which are induced for vir gene expression.
MATERIALS AND METHODS

Materials
Restriction endonucleases were purchased from BRL, New England Biolabs, or IBI, and used according to the suppliers' recommendations. DNA polymerase I Klenow fragment was purchased from Boehringer-Mannheim. The M13 sequencing primer and sequencing mixes were from Pharmacia. Aerobacterium strains A348(pSM358) and A348(pSM304) contain pVK225 (26) with TnlHoHol (27) insertions in virE2 and virD2 respectively (14).
These strains were maintained on AB medium (28) with carbenlcillln (100 /ig/ml) and kanamycln (50 /jg/ml) .
DNA sequencing
The Baml8 fragment from pVK225 (26) containing the 3' portion of vlrD was cloned Into pUC118 or 119 (23). Overlapping deletions were made by digesting with Exonuclease III and SI nuclease as described by Henikoff et al. (29) . Template DNA was prepared essentially as described (23) 
Protein analysis and lmmunoblotting
Translational fusions between trpE and vlrD proteins were analyzed on either 10% or 7% SDS-polyacrylamlde gels as described by Laemmli (32) .
Whole cell proteins were visualized by staining with Coomassie Brilliant Blue G, in 10% methanol and 10% glacial acetic acid. The TrpE-VlrD2 fusion protein encoded by pSP112 was purified by elutlon from SDS-polyacrylamide gels (33) and used to raise antiserum in New Zealand White rabbits. VirD2 protein was detected by western blotting (34) with this antiserum.
Reagents for western blotting were purchased from Bio-Rad Laboratories.
The VlrD2-,9-galactosidase fusion protein was detected on western blots by using antiserum against VlrD2 and by using monoclonal antibodies specific for /9-galactosidase, which were obtained from Jackson Laboratories.
Protein extracts were prepared from uninduced Agrobacterlum strains A348(pSH358) and A348(pSM304) or cultures that had been induced with lmM acetosyringone (AS) (35) for various times in MS plant medium (36) (Fig.   1, ref. 7) , the right end by the insert pT1359 (Fig. 1, ref. 7) .
Restriction fragments Bam25 and Baml8, from the cosmid pVK225 (26) contain all of the vlrD operon that is essential for virulence (6,7). The nucleotide sequence of the promoter region and the start site for transcription have been described (36) , as well as the sequence of the first two open reading frames which comprise the endonuclease (14).
The nucleotide sequence of the 3' portion of vlrD is shown in Fig. 2 .
In all, the vlrD operon contains at least five ORFs. Two ORFs (virD3 and vlrD4) are located between the 3' end of vlrD2 and the virulent transposon Insertion (pT1359). In addition, a large ORF extends from the 3' end of vlrD4 beyond the right end of Baml8 (Fig. 1) Table 1 ). The start site of the fifth ORF is shown in Fig. 2 and is preceded by the sequence GAGGTG...5bp...ATG. The translational start site for this last ORF overlaps the stop codon (TGA) for vlrD4 suggesting that translation of these two proteins may be coupled (38) .
The T-DNA must cross the bacterial membrane at some point in the transfer process. Proteins required for this transit might be located in the inner membrane, periplasm, and outer membrane fractions of the bacteria. In order to address the possible cellular location(s) of VirDl, 2, 3 and 4, we examined the distribution of hydrophoblc and hydrophllic amino acid residues (Fig. 3) (39) . Possible signal sequences were analyzed using the method of von Heljne (40, 41) to predict potential cleavage sites for signal peptidase.
VirD4 contains the only potential cleavage site detected by this algorithm between amino acids 27 and 28 (Ser, Cys) with a score of 7 out of 10 ( Include: a charged amino acid (Arg), followed by a hydrophoblc core sequence, and a serine adjacent to the processing site (alanine, glyclne, and serine residues are preferred) (43) . None of the other vlrD proteins contain a recognizable signal sequence.
VirDl and VirD2 may resemble bacterial proteins that act In plasmid mobilization In that mobilization requires at least two proteins of a similar sizes to VirDl and VirD2 (16.2 and 47.4kd ) and may involve the formation of a site-specific nick (44) . CloDF13 codes for two mob proteins of 58 and 16kd (45) , RSF1010 codes for mob proteins that are 16kd and >65kd (46) , and ColEl codes for three ash proteins of 16, 60, and llkd (44).
Although we have been unable to find amino acid sequence homology between vlrD proteins and the mob proteins listed above, we have identified a potential DNA-bindlng domain In VirDl, and In each of the 16kd mob proteins by analogy to the DNA-bindlng domains in Klebsiella pneumoniae ntrC. nifA., and Rhlzoblum melllotl nlfA. (Fig. 5 ). In addition, we have found in each case, that the larger of the two mob proteins, like VirD2, is quite hydrophllic. We have compared the hydrophilicity profiles of VirD2 and the first 400 amino acid residues of the RSF1010 mshA protein (Fig. 3) . Both proteins contain a number of extremely hydrophilic domains. protein of 61kd that corresponded to the predicted size of a vlrD3-trpE fusion together with 39 amino acids that precede the start codon of virD3 (Fig. 6, lane 3) . A trpE fusion to vlrD4 (pSP114) generated a fusion protein of lOOkd (Fig. 6 , lane 4) which agrees with the predicted size.
Antisera prepared against the trpE-virD2 fusion protein was used to detect native VlrD2 In total protein extracts from acetosyrlngone-induced Aerobacterlum strains: A348(pSH358) and A348(pSH304) (27). Both strains contain TnJHoHol insertions in the cosmid pVK225 in addition to wild type vlr genes. A348(pSM358) contains an insertion in virE (27) and A348(pSM304) contains an insertion at the 3' end of vlrD2 (27 and Fig. 1 ).
Both of these insertions create translational fusions between the protein -galactosidase (27) . A protein that migrates at the same size as native VlrD2 (56kd, ref. 14) was detected in total protein extracts from induced A348(pSM358) (Fig. 7a, lane 2) and induced A348(pSM304) (Fig. 7a, lane 3) and was not detected in the uninduced control (Fig. 7a, lane 1) . In addition, a protein that migrates with the same molecular weight as the VirD2-/3-galactosidase fusion protein (ref. 27, Fig. 7a, lane 3) was also detected. As a control, we probed blots from total protein extracts of induced A348(pSM358) and A348(pSM304) with monoclonal antisera against /3-galactosldase (Fig. 7b) . Proteins with the same molecular weights as the VirE2-/?-galactosidase fusion protein (Fig. 7b, lane 2) and the VirD2-0-galactosldase fusion protein (Fig. 7B, lane 1, ref. 27) were detected with the antisera, as well as proteins which might be the hybrid 0-galactosidase protein from TnlHoHol and native 0-galactosidase. Fractionated extracts of A348(pSM358) and A348(pSM304) were checked. An insertion that maps in the 3' portion of virP2. A348(pSM304), did not prevent T-strand formation, but complementation analysis has shown that this mutation is non-polar (7) and would presumably provide virD3 activity. Interestingly, A348(pSM304) is avirulent (7), suggesting that either the carboxy-terminal portion of VlrD2 Is Important for virulence, or that the ^-galactosidase portion of the fusion protein Is deleterious to T-DNA transfer.
Transposon Insertions mapping vithin vlrD4 are avirulent (7) indicating that virD4 is required for tumorigenesis. The requirement of virD genes upstream of virD4 for virulence cannot be assessed since transposon Insertions in this region other than pT1304 and pTi324, are likely to be polar on virDA (7). At least three transposon insertions mapping within virD are virulent (pTi324, ref. 7, Fig. 1; and A2006 and A2025, ref. 6) . It has been suggested that the virulent phenotype of A348(pTi324) results from an insertion into an intercistronic region (7). This seems unlikely from our sequencing data (Fig. 2) since only 19 nucleotides separate the 3'end of virD2 (bpl905) from the start codon of virD3 (bp!924). By restriction mapping, it appears that insert pTi324 maps within virD3. The precise location of Tn3_ insertions in strains A2OO6 and A2025 (6) could not be resolved by restriction mapping, these map either in the 3' end of vlrD2 or within virD3. Insertion pTi307 (7) maps immediately to the right of insert pTi324. This insertion is avirulent and maps within vlrD4.
It is possible that a different translational start site (60 amino acids prior to that noted in Fig. 2, bpl764 , ref. 14) may be used to initiate translation of virD3. This start site would be out of frame to virD2 and would cause virD3 to overlap vlrD2 by 182 nucleotides. It seems unlikely that initiation of virD3 translation begins at this point because this start codon is not preceded by a ribosome binding site. It should be noted however that the ££p_E translational fusion to VirD3 generated by pSP113 contains 39 amino acids of the alternate VirD3 protein. Antisera directed against the fusion protein from pSP113 should resolve this question by allowing us to determine the size of the native VirD3 protein.
